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(54) Method for producing ceramic coatings 

(57) Methods of producing layered ceramic coatings 
in which some layers contain porosity are described, as 
are the coatings produced. The different layers are ap- 
plied at different temperature conditions by periodically 
inserting a heat blocking shield between the heat source 
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and either the'evaporation source and/or an external 
heater. As applied, some of the layers have a Zone I 
structure and some have a Zone II type structure. Heat 
treatment may be used to increase the porosity in the 
Zone I structure layers. 
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Description 

[0001] This invention relates to the field of ceramic 
thermal barrier coatings and to abradable ceramics for 
use in gas turbine seal applications, and more particu- 5 
larly to a method of producing ceramic thermal barrier 
coatings and abradable seals comprised of multiple lay- 
ers in which at least one of the layers is porous. 
[0002] Gas turbine engines are widely used as sourc- 
es of motive power, and for other purposes such as elec- 
tric generation and fluid pumping. Gas turbine manufac- 
turers face a constant customer demand for better per- 
formance, enhanced efficiency and improved life. One 
way to improve performance efficiency and perform- 
ance is to increase operating temperatures. Increasing 
operating temperatures usually reduces engine life and 
is effective only within the limits of materials used in the 
engine. 

[0003] Current gas turbine engines are predominantly 
constructed of metallic materials, with nickel base and 
cobalt base superalloys being widely used in the higher 
temperature portions of the engine. Such superalloys 
are currently used in engines at gas temperatures which 
are very near, and in some cases above, the melting 
point of the superalloys. Increases in engine operating 
temperature are not possible without concurrent steps 
to protect the superalloys from direct exposure to these 
high gas temperatures at which the materials would oth- 
erwise melt. Such steps include the provision of cooling 
air (which reduces engine efficiency) and the use of in- 
sulating coatings. 

[0004] Insulating ceramic materials, particularly pro- 
viding these materials in the form of coatings or thermal 
barrier coatings, are the primary subject of this inven- 
tion. Such coatings are most commonly composed of 
ceramic and are commonly applied by plasma spraying 
or by electron beam vapor deposition. This invention fo- 
cuses on coatings applied by electron beam vapor dep- 
osition, which is described for example in U.S. Patents 
4,405,659; 4,676,994 and 5,087,477. Exemplary pat- 
ents which discuss the current state of the art thermal 
barrier coatings include U.S. Pat. Nos. 4,321,311; 
4,405,660; 5,262,245 and 5.514,482. 
[0005] The most widely used thermal barrier coating 
for application to rotating components in turbine engines 
comprises a bond coat material whose composition is 
described in U.S. Pat. No. 4,419,416, including a thin 
layer of aluminum oxide on the bond coat and a colum- 
nar grain ceramic coating adhered to the aluminum ox- 
ide layer as described in U.S. Patent No. 4,405,659. De- 
spite the success of this thermal barrier coating and its 
widespread acceptance there is a desire for advanced 
thermal barrier coatings, the principle desired enhance- 
ment being improved specific thermal insulation proper- 
ties, i.e., thermal insulation corrected for density. 
[0006] If a coating with improved density-corrected in- 
sulation properties could be developed, such a coating 
could either be used at the same thickness as that now 



used commercially to reduce heat flow, thereby allowing 
for a reduction in cooling air and enabling a correspond- 
ing increase in engine efficiency, or could be used at a 
reduced thickness to provide the same degree of insu- 
lation and heat flow but with reduced coating weight. 
Such weight reductions are significant, especially on ro- 
tating components, since the weight of the thermal bar- 
rier coating results in centrifugal forces during engine 
operation of thousands of pounds on a single turbine 
blade in a large aircraft engine. Reducing blade centrif- 
ugal forces has positive implications in the design re- 
quirements of engine components associated with the 
blade, in particular the supporting disc. 
[0007] Gas turbine efficiency can also be improved by 
reducing gas leakage. In particular the clearance be- 
tween the tips of the rotating blade and the surrounding 
case structure must be minimized. This is commonly ac- 
complished by providing an abradable seal material on 
the case, (n operation the blade tips cut a channel in the 
abradable, thus reducing gas leakage. See, e.g., U.S. 
Pat. Nos. 4,039,296 and 5,536,022, which are expressly 
incorporated herein by reference. 
[0008] The present invention comprises a layered ce- 
ramic material, preferably applied as a coating. Different 
layers in the structure have different microstructures, 
with at least one of the layers being relatively dense and 
lower defect-containing, and another of the layers being 
less dense and higher defect-containing. The structure 
of the less dense layer can be modified by heat treat- 
ment to provide porosity. Porosity provides reduced 
thermal conductivity, and for seal applications the po- 
rosity also provides improved abradability. The layers 
are preferably deposited by electron beam physical va- 
por deposition. The layers are applied under conditions 
which produce the previously mentioned differences in 
density and porosity between alternating layers, by al- 
tering the temperature of the substrate and material as 
deposited. 

[0009] The relatively dense layers are applied by elec- 
tron beam vapor deposition under conditions which re- 
sult in the deposition of what those knowledgeable in 
the physical vapor deposition art refer to as Zone II 
structures. The less dense layers (i.e. the layers which 
will become porous) are also applied by EBPVD and un- 
der conditions which result in microstructures that those 
skilled in the physical vapor deposition art referred to as 
Zone I structures. As used herein, the term Zone I 
means a layer having either an as-deposited Zone I 
structure or an as-deposited Zone I structure which has 
been heat treated to enhance porosity. 
[0010] The resultant structure may be heat treated to 
enhance porosity through sintering which increases 
pore size and densities the ceramic portions which sur- 
round the pores. 

[001 1] The invention coating finds particular applica- 
tion in the field of gas turbine components. Such com- 
ponents include turbine airfoils (blades and vanes) and 
abradable seals which are intended to interact with 
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blade tips or knife edge seals to reduce unwanted gas 
flow. 

[001 2] Certain preferred embodiments will now be de- 
scribed in greater detail by way of example only and with 
reference to the accompanying drawings, in which: 5 

Fig. 1 shows the structure of EB-PVD deposited 
coatings as a function of substrate surface temper- 
ature; 

Fig. 2 shows the microstructure of a coating applied 
according to a preferred embodiment of the inven- 
tion, as deposited; 

Fig. 3 shows the microstructure of another coating 
applied according to a preferred embodiment of the 
invention, after a heat treatment; and 

Fig. 4 shows the thermal conductivity of an exem- 
plary coating of the invention and a corresponding 
coating which lacks the layered porosity provided 
by the present invention. 

[0013] Physical vapor deposition of ceramics, includ- 
ing electron beam and sputtering techniques, has been 
widely studied. A paper published in 1969 by B.A. 
Movchan and A.B. Demchishin entitled "Study of the 
Structure and Properties of Thick Vacuum Condensates 
of Nickel, Titanium, Tungsten, Aluminum oxide, and Zir- 
conium oxide" in the Journal Physics of Metallurgy and 
Metallography (USSR), vol. 28, p. 83, analyses the va- 
por deposition of materials under different conditions. 
These authors were the first to characterize the struc- 
ture of electron beam physical vapor deposited coatings 
as a function of substrate surface temperature. FIG. 1 
from the paper is reproduced as FIG. 1 herein. In 1974, 
Thornton published a similar paper related to sputter 
deposition, J. Vac. Science Technology 11:666.70, 
(1974) with similar conclusions. 

[0014] FIG. 1 shows the three zones which occur in 
physical vapor deposited coatings as a function of sub- 
strate surface temperature during deposition. Zone I is 
a low density coating with a large defect content, which 
may include micropores, microvoids, dislocations, va- 
cancies and the like. Zone II is a more dense columnar 
grain structure in each column, and is a single grain. 
Zone III is a yet more dense, essentially fully dense coat- 
ing comprised of equiaxed recry stall ized grains. Though 
not fully understood, it is believed that the change in de- 
posit character, which effectively increases in density 
with increasing substrate temperature, results from the 
enhanced mobility of vapor deposited atoms after they 
strike the substrate surface. 

[0015] For ceramics, Movchan et al. determined that 
the boundary between Zone I and Zone II typically oc- 
curred at a homologous temperature (homologous tem- 
perature refers to the fraction of the absolute melting 
temperature of the material) of between 0.22 and 0.26 



and the boundary between Zones II and III typically oc- 
curred at a homologous temperature of between about 
0.45 and 0.5. 

[0016] It can be seen that a single ceramic composi- 
tion can be deposited so as to have three different struc- 
tures by controlling the temperature of the substrate sur- 
face on which the coating is being deposited. Since de- 
posited coating microstructure is a function of the sub- 
strate temperature it can also be seen that different ce- 
ramic materials with different melting points and there- 
fore different homologous temperatures might be de- 
posited on a substrate at constant surface temperature 
and exhibit different zone structures. 
[0017] The substrate surface temperature refers to 
the temperature at the surface on which the coating is 
deposited, this temperature often differs from the bulk 
substrate temperature and is affected by radiant energy 
flux and the energy input into the surface by coating ma- 
terial which strikes the surface, and may be enhanced 
by use of external heaters. Higher substrate surface 
temperatures permit lateral diffusion of deposited atoms 
which results in higher density deposits. 
[0018] The essence of the present invention is a 
method of depositing at least one layer having a Zone I 
structure and at least one layer having a Zone II or Zone 
III structure. Deposition may be followed by appropriate 
heat treatment. A guideline for appropriate heat treat- 
ment temperature is a temperature in excess of about 
0.5 - 0.8 of the homologous temperature of the layer 
composition in order to provide the porosity. Preferably 
a layer of the Zone I structure is located between adja- 
cent layers of Zone II structures. The Zone I structure, 
being less dense, inhibits heat flow and thereby pro- 
vides thermal insulation. The less dense structure will 
also be more abradable for seal applications. The rela- 
tively more dense Zone II structure layer provides me- 
chanical strength. Layer thickness may vary, for exam- 
ple, between 0.05 and 5000 microns and preferably be- 
tween 0.1 and 1000 microns. Total coating thickness 
may range, for example, from about 1 0 microns to about 
1 mm for thermal barrier coatings and up to about 5 mm 
for abradable coatings. 

[0019] As discussed in the above mentioned applica- 
tion, practical applications of the invention may contain 
many alternating layers of materials, e.g., more than 10 
layers and even more than 100 layers. Practical appli- 
cations of the invention will preferably also employ heat 
treatments after the deposition of the layered coating to 
cause sintering of the Zone I structure and the formation 
of larger, agglomerated pores or porosity. Such pore ag- 
glomeration enhances the mechanical properties of the 
coating by densifying the ceramic in regions between 
the pores. Average pore size exceeds 0.01 and prefer- 
ably 0.1 micron. The resultant pores have a rounded 
shape characterized in that for a pore of average diam- 
eter "D" (measured on multiple diameters), the smallest 
radius of the pore wall will be greater than 0.1 D and pref- 
erably greater than 0.3D. 
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[0020] A bond coat (or at least an alumina layer) will 
usually be positioned between the substrate and the in- 
vention layered porosity coating. Preferred bond coats 
include those coatings known as MCrAlY coatings and 
aluminide coatings. Both types of coatings form dense, s 
adherent alumina layers of reasonable purity and it is 
this alumina layer to which the inventive coating ad- 
heres. 

[0021] The concept of this invention may be better un- 
derstood through consideration of the following example 
which is meant to be illustrative rather than limiting. 

Example 

[0022] A single crystal superalloy substrate having a 
nominal composition of 5% Cr, 10% Co, 1 .9% Mo, 5.9% 
W f 3% R, 8.7% Ta, 5.65% Al, 0.1% Hf, balance Ni was 
provided. The surface of the substrate was cleaned by 
alumina grit blasting, and a thin MCrAlY type bond coat 
layer having a nominal thickness of about 0.005 inch 
[125 um] and nominal composition of about 22% Co, 
17% Cr, 12.5% Al, 0.25% Hf, 0.4% Si, 0.6% Y, bal. Ni 
was applied. The bond coat was deposited by conven- 
tional plasma spray techniques. The bond coat surface 
was then glass bead peened to enhance its density. A 
heat treatment step was then performed to develop a 
thermally grown oxide layer (predominantly alumina). 
The treatment was performed at 1500°F (816°C) for 15 
minutes at an oxygen flow of 70 standard cubic centim- 
eters per minute (seem) at a pressure of about 10 -4 torr 
(13.3 mPa). Minimal experimentation will be required to 
develop the desired oxide thickness. 
[0023] A layered coating composed of afternati ng lay- 
ers of yttria stabilized ceria (12 wt. % yttria), alternating 
between less dense and more dense layers, was then 
applied on the bond coat surface. Coating thicknesses 
were about 0.25 microns per layer. Several pairs of coat- 
ing layers were applied. See, e.g., FIG. 2. 
[0024] These coating layers were applied using an 
electron beam to evaporate the ceramic materials. The 
source material was evaporated by an electron beam 
operating at about 10 kilovolts and a current of about 
0.4 amps for an evaporation power of about 4 kW. The 
standoff distance from the substrate to the ceramic 
source was about 3 inches (76mm). The substrate was 
rotated during deposition. 

[0025] The beam dwelled on the source continuously, 
with a heat blocking metal screen repeatedly being po- 
sitioned between the source and the substrate for 16 
second intervals and then followed by removal for 8 sec- 
ond intervals. The screen was composed of stainless 
steel and contained apertures of about 4 millimeters. 
The coatings were applied at a reduced pressure of 
about 4 x 10 -6 torr (532 x 1(H Pa) and oxygen was 
flowed into the chamber at a rate of about 70 seem to 
ensure coating stoichiometry. 

[0026] Thermal radiation from the evaporating target 
material was the primary source for substrate surface 



heating (above the bulk substrate temperature) during 
the electron beam physical vaporization coating proc- 
ess. The substrate surface was heated to a greater de- 
gree in the absence of the screen being positioned be- 
tween the source and the substrate, and to a lesser de- 
gree when the screen was positioned between the 
source and the substrate to reduce heat flow from the 
source to the substrate. This process resulted in alter- 
nating yttria-ceria layers having a more dense Zone II 
structure and layers having a less dense Zone I struc- 
ture containing micro voids and micro porosity. See, e.g., 
FIG. 2. The estimated porosity of the as -deposited Zone 
II yttria-ceria was relatively low, e.g., a few percent, and 
the porosity was substantially higher (a porosity of about 
50%) in the Zone I yttria-ceria. 

[0027] The yttria-ceria composition has a relatively 
high vapor pressure and vaporizes readily at a much 
lower temperature, apparently by sublimation, and so 
does not form a hot molten pool such as that formed 
during true evaporation. Materials such as yttria-ceria, 
which have a relatively high vapor pressure, provide 
less heat during vaporization than other materials, such 
as yttria stabilized zirconia and thus heat the substrate 
to a lesser degree. In these cases, it may be desirable 
to employ external heaters to raise the substrate tem- 
perature. In this case, the screen would be positioned 
between the source and the substrate, between the ex- 
ternal heater and the substrate, or both. 
[0028] In summary, the substrate surface being coat- 
ed was at a relatively high temperature during deposi- 
tion of yttria-ceria in the absence of the screen and the 
vapor condensed as a Zone II type structure. However, 
the substrate surface was at a relatively low temperature 
during deposition of yttria-ceria with the screen posi- 
tioned between the source (and any external heater) 
and the substrate and the limited heating, and the as- 
sociated vapor cloud condensed as a Zone I type struc- 
ture. 

[0029] In the case of yttria-ceria or other material that 
may not adhere well to a bond coat or alumina layer if 
deposited at lower temperatures (another reason favor- 
ing the use of an external heater above), it may be de- 
sirable to use a layer of a ceramic bond coat material, 
such as yttria stabilized zirconia, as an initial layer or 
ceramic "bond coat". Such a ceramic bond coat is de- 
scribed in EP-A-0972853, which is hereby incorporated 
by reference herein. The layer should be thick enough 
to ensure complete coverage of the surface to be coated 
up to about 0.5 mils (1 2.7 pm) for example, but no thicker 
than necessary to ensure a continuous layer particularly 
where weight is a consideration, for example where the 
coating is to be applied to rotating components. 
[0030] Other samples were prepared using gadolinia 
stabilized zirconia. The samples included about 33 mol. 
% gadolinia, balance 7YSZ as the stabilized zirconia, 
and was deposited in a manner similar to that described 
above. The as-deposited coating was then heat treated 
at about 2200°F (1205°C) for about 24 hours. The re- 
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suite nt layered porosity is illustrated in the region indi- 
cated at 10 of FIG. 3. 

[0031] FIG. 4 is a plot of the thermal conductivity coat- 
ing of a preferred embodiment of the present invention 
as described with respect to FIG. 2 and a corresponding 
non-layered -porosity coating, it can be seen that over a 
wide range of temperatures the thermal conductivity of 
the invention coating is substantially less than that of 
the prior art coating. Over the temperature range eval- 
uated, the coating of the present invention displays a 
thermal conductivity which is significantly less than that 
of the prior art coating. This represents a significant en- 
hancement in insulation capability. 
[0032] The previous examples illustrate the invention 
using one composition of ceramic material. There are of 
course many compositions and combinations of ceram- 
ic materials which can be deposited. Some variations 
and alternate details are described below. 

Substrate 

[0033] Most broadly the substrate may comprise any 
high temperature material such as, for example, ceram- 
ics, carbon, carbon composites and the like as well as 
superalloys. For present gas turbine engine purposes, 
superalloys are most useful. Superalloys are metallic 
materials, based on iron, nickel or cobalt having yield 
strengths in excess of 50 ksi (345 MPa) and more typi- 
cally in excess of 100 ksi (690 MPa) at 1 ,000°F (538°C). 
[0034] As discussed below, bond coats are often de- 
sired to ensure coating adherence to the substrate, how- 
ever, under some conditions, for some superalloys there 
may not be a need for a bond coat. Superalloys which 
can be coated without use of a bond can inherently de- 
velop a layer of high purity aluminum on their outer sur- 
faces upon exposure to oxidizing conditions at elevated 
temperatures. An exemplary superalioy which does not 
require a bond coat is described in U.S. Pat. No. 
5,262,245. 

[0035] If the invention coating were to be applied to a 
ceramic material, for example alumina, there would gen- 
erally not be a need for a bond coat. 

Bond Coat 

[0036] Most commonly a bond coat will be a part of 
the invention coating system. The requirement for a 
bond coat will depend on the substrate and on the re- 
quirements for thermal barrier coating performance, op- 
erating temperature, desired life and other environmen- 
tal factors including thermal cycling and the environ- 
mental gas composition. The essential common fea- 
tures required of a useful bond coat are that it be adher- 
ent to the substrate, thermally and diffusionally stable, 
and form a stable, alumina layer which is adherent to 
the ceramic layer to be deposited in the operating envi- 
ronment. 

[0037] There are a variety of bond coats which can be 



used with the present invention. These include overlay 
coating and aluminide coatings. Typical overlay coat- 
ings are described in U.S. Pat. Nos. 3,928,026 and 
4,419,416 and are variations on nickel and cobalt base 

s superalloys that have been optimized to develop adher- 
ent durable high purity alumina layers upon exposure to 
oxidizing conditions at elevated temperatures. Overlay 
coatings are applied to the surface of the substrate and 
are typified by the MCrAlY type coatings which have the 

10 following general, non-limiting composition (in weight 
percent): Cr 10-30, Al 5-15, Y(Y + Hf + La + Ce + Sc) 
0.01, Si + Ta + Pt + Pd + Re + Rh + Os 0-5%, balance 
M (Fe, Ni, Co and combinations). Overlay coatings can 
be applied, for example, by plasma spraying, by EB- 

15 PVD and by electroplating. 

[0038] Aluminide coatings are produced by diffusing 
aluminum into the substrate and are described, for ex- 
ample, in U.S. Pat. No. 5,514,482, which is expressly 
incorporated herein by reference. As used herein the 

20 term aluminide coating includes aluminide coatings 
modified by additions of Pt, Rh, Os, Pd, Ta, Re, Hf, Si, 
Cr and mixtures thereof. 

[0039] It is also known to apply combinations of over- 
lay and aluminide coatings, for example an aluminide 
25 coating can have an overlay coating applied over the 
aluminide, and vice versa. 

Alumina Layer 

30 [0040] An alumina layer, whether formed directly on 
the substrate or on a bond coat is an important invention 
feature. Most commonly the alumina layer will be ther- 
mally grown, but it is known to use sputtering to develop 
this layer. The broad thickness of the alumina layer is 
35 about 0.01 - 2 microns, preferably about 0.1-0.7 mi- 
crons. 

Ceramic Compositions 

40 [0041] While yttria-ceria and gadolinia-zirconia are 
described in the above examples, virtually any ceramic 
composition that can be applied by physical vapor dep- 
osition can be used in the present invention. Other suit- 
able ceramics, including gadolinia-zirconia are dis- 
45 closed in EP-A-0992603 and EP-A-0848077, which are 
expressly incorporated by reference herein. 
[0042] The ceramic should be compatible with the 
bond coat and/or the substrate, the other ceramic com- 
positions present in the coating, and the operating en- 
50 vironment. The ceramic coating may comprise a single 
ceramic composition (as above) or different ceramic 
compositions applied as alternating layers. The critical 
feature is that the coating be processed to produce al- 
ternating Zone I/Zone II (or Zone III) layer structures. 
55 Preferably, the ceramics utilized are those which exhibit 
intrinsically low bulk thermal conductivity. These include 
stabilized zirconia, ceria with rare earth additions, and 
oxide pyrochlore compounds. 
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[0043] The arrangement of the ceramic coating can 
be quite varied. The broadest description is that the 
coating consists of multiple layers, at least one of which 
is deposited to have a Zone I type structure. Preferably 
the Zone I structure is subsequently heat treated to form 
or enhance porosity. Also, the Zone I structure layer 
preferably has Zone II (and/or Zone III) structure layers 
immediately adjoining it to provide mechanical support 
and constraint. Preferably there are a plurality of Zone 
I type layers deposited separated by layers having Zone 
I I/Zone III type structures. 

[0044] We believe that fine porosity will be most ef- 
fective in reducing heat flow. This must be balanced 
against the idea that small pores are less stable since 
they tend to shrink and close up or heal at high temper- 
atures. Pore closure will not be a significant problem if 
the use temperature is less than the pore shrinkage tem- 
perature. 

[0045] In some circumstances other layers may be in- 
corporated without detracting from the thermal insulat- 
ing benefits of the invention. For example an outer layer 
may be selected to provide particular properties desired 
for particular applications, such as thermal emissivity, 
hardness, abrasion resistance, resistance to environ- 
mental attack (oxidation, sulfidation, nitridation etc.) 
and/or resistance to diffusion of adverse environmental 
species such as oxygen which would adversely affect 
the underlying coating layer and/or the bond coat and/ 
or the substrate. For example alumina might be desired 
as an outer layer because it is relatively hard and is re- 
sistant to the diffusion of oxygen. 
[0046] For seal applications many of the same con- 
siderations apply. Total coating thickness will generally 
be greater, up to about 100 mils (2.54 mm), preferably 
50 mils (1.27 mm). Individual layer thickness and pore 
volume and pore size will be optimized to provide the 
mechanical properties required for abradability. 



Claims 

1. A method of applying a layered ceramic coating on 
a substrate including: 

vapor depositing a plurality of ceramic layers 
from at least one evaporant source and onto the 
substrate, 

the method being characterised by 
alternating the temperature during vapor de- 
positing to form alternating layers of ceramic 
material with at least one layer being deposited 
at a first temperature and at least another layer 
being deposited at a second temperature dif- 
ferent than the first temperature, wherein at 
least one of said layers has a Zone I microstruc- 
ture and at least one of said layers has a Zone 
II microstructure. 



2. A method as claimed in claim 1 , wherein the step 
of alternating the temperature is performed by pe- 
riodically positioning a heat blocking screen be- 
tween the evaporant source and the substrate to re- 

s duce heat flow. 

3. A method as claimed in claim 1 or 2, wherein the 
layer deposited at the lower temperature is the layer 
having the Zone I type microstructure. 

10 

4. A method as claimed in claim 1, 2 or 3, wherein a 
single evaporant source is used. 

5. A method as claimed in claim 4, wherein the single 
15 evaporant source is composed of a stabilized ceria. 

6. A method as claimed in claim 4, wherein the single 
evaporant source is composed of a stabilized zirco- 
nia. 

20 

7. A method as claimed in any preceding claim, where- 
in said substrate has a surface layer comprised pri- 
marily of alumina. 

25 8. A method as claimed in claim 7, wherein a bond 
coat selected from the group consisting of MCrAlY 
and aluminide layers and combinations thereof is 
applied to said substrate and said alumina layer is 
deposited on the surface of the bond coat. 

30 

9. A method as claimed in claim 7, wherein the sub- 
strate is composed of a material capable of forming 
an adherent alumina layer, and further comprising 
the step of forming an alumina layer on the sub- 

35 strate. 

1 0. A method as claimed in claim 7, 8 or 9, wherein said 
alumina layer has a thickness of 0.1-2.0 microns. 

40 11. A method as claimed in any preceding claim, where- 
in the total thickness of the layers is from about 0.05 
to about 5000 microns. 

12. A method as in any of claims 1 to 3, wherein the 
^5 step of vapor depositing includes vaporizing at least 

two sources of ceramic material. 

13. A method as in claim 12, wherein the sources of 
ceramic material have different compositions. 

50 

14. A method as in any preceding claim, wherein the 
substrate defines a gas turbine engine component. 

15. A method as in any preceding claim, wherein the 
55 substrate is composed of a superalloy material 

1 6. A method as claimed in any preceding claim, further 
comprising the step of heat treating the layer to pro- 
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duce porosity in one or more of the layers having a 
Zone I microstructure. 
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